Undernutrition and diarrhoeal disease are major causes of infant mortality. We investigated the combined roles of breastfeeding and diarrhoea on infant size in 2940 infants from the Cebu Longitudinal Health and Nutrition Survey. The study aimed to assess whether breastfeeding status modified the deficits associated with diarrhoeal disease. The primary exposures were combinations of current breastfeeding status (yes/no), the presence of diarrhoeal disease in previous week (yes/no) and a categorical survey variable (six surveys taken at bimonthly intervals when infants were 2-12 months of age). Relative weight (weight-for-length z-scores), calculated using the WHO growth standards, was estimated using sex-stratified, fixed-effects longitudinal models that also adjusted for energy from complementary foods. Post-estimation Wald tests were conducted to identify subgroup differences in relative weight. Diarrhoea was associated with reduced relative weight in both breastfed and non-breastfed infants of 6-12 months. Diarrhoea-related deficits in relative weight were significantly exacerbated in non-breastfed girls of 6 and 8 months. Importantly, in infants <6 months, being breastfed and having diarrhoea was still associated with greater relative weight compared with being non-breastfed and diarrhoea-free. Breastfeeding emerged as a strong contributor to relative weight in younger infants (<6 months) while diarrhoeal disease strongly contributed to deficits in relative weight in older infants (6-12 months). These findings underscore the importance of breastfeeding for promoting infant nutritional status in infants with or without diarrhoea from birth to 12 months.
Introduction
Undernutrition and diarrhoeal disease are prominent causes of infant mortality worldwide (UNICEF & WHO 2009 , UNICEF et al. 2015 . Poor nutrition is related to at least 45% of infant mortality while diarrhoeal disease is the second-leading cause of child deaths, accounting for 8% of deaths in children under five each year (UNICEF & WHO 2009 , UNICEF et al. 2015 . These two public health problems are closely related: diarrhoea greatly increases the risk of malnutrition and undernourished infants often suffer more severe cases of diarrhoea (Scrimshaw et al. 1968) . In addition to the detrimental impacts that these two pathologies have on infant size, their effects may also extend to reductions in educational attainment and decreased work productivity, among other long-term consequences .
The infant diet is especially important because both breastfeeding and quality complementary feeding can improve nutritional status. Numerous studies indicate that breastfeeding can reduce diarrhoea risk. Indeed, specific oligosaccharides found in human breastmilk have been linked to reduction in severity and incidence of diarrhoea (Morrow et al. 2004) . Conversely, the premature introduction of complementary foods and the concomitant exposure to pathogens via complementary foods can increase the probability of diarrhoea (Scrimshaw et al. 1968; Popkin et al. 1990) . As the infant matures, the weaning diet serves as an important complement to breast milk that ideally meets the needs of the growing infant. The weanling's dilemma is characterized by the critical need for nutrients provided by complementary foods-even though said foods may potentially expose the infant to harm (Scrimshaw et al. 1968; Rowland et al. 1978) .
Here we sought to characterize the role of breastfeeding in promoting infant nutritional status from 2 to 12 months by exploring whether breastfeeding modified the effects of diarrhoeal disease on relative weight. We hypothesized that (1) breastfeeding would mitigate the effects of diarrhoea on relative weight; (2) breastfed infants with diarrhoea would still fare better than their non-breastfed peers without diarrhoea.
Methods Participants
The Cebu Longitudinal Health and Nutrition Survey (CLHNS) began in 1983 as a study of infant feeding patterns in 3080 pregnant women who gave birth to singletons in the Cebu, Philippines (Adair et al. 2011) . Demographic, dietary and anthropometric data were collected at birth and at 12 bimonthly time points until the infants were~24 months old. Analyses here are restricted to the 6 surveys spanning the 2 to 12-month period to specifically quantify the effects of breastfeeding and diarrhoea when breastfeeding rates were highest (pre-6 months) and later after the introduction of complementary foods (post-6 months). All analyses were stratified by sex because sex-differences in feeding patterns, morbidity and anthropometry have been reported in this cohort (Popkin et al. 1990) . After exclusions because of missing data and implausible reports, 2940 infants were analysed in this study (1386 girls and 1554 boys) each with a mean of 5.5 complete surveys.
Anthropometry
Weight and length were measured at bimonthly intervals using standard techniques (Briscoe 1991) . Weight-for length z-scores (WLZ) based on the WHO growth standards were used to account for small age differences and to relate WLZ in this population to the global standard (WHO Multicentre Growth Reference Study Group & de Onis 2006) . WLZ was chosen as the measure of infant size because relative weight is a strong predictor of mortality (Olofin et al. 2013 ) and incorporates infant length. Standardized weight (WAZ) and length (LAZ) were secondary outcomes also calculated using the WHO growth standards.
Diet
Dietary data were derived from 24-h dietary recalls in which mothers reported all liquids and solids fed to the infant in the previous 24 h. Energy intake from complementary foods was calculated using nutrient values derived from the Philippines Food and Nutrition Research Institute (Food and Nutrition Research Institute of the Philippines (FNRI) 1980) and coded continuously in 1000 kilocalorie units. Current breastfeeding status was a binary (yes/no)
Key messages
• Mothers reported altered feeding patterns and reduced appetite in infants with diarrhoea.
• In infants <6 months, being breastfed while having diarrhoea was associated with better relative weight compared with being non-breastfed and diarrhoea-free.
• Diarrhoea resulted in deficits for infants between 6 and 12 months, but deficits were more pronounced if infants were not breastfed.
• Results support the WHO infant feeding recommendations regarding exclusive breastfeeding in infants until 6 months.
• Sophisticated models and detailed data are needed to assess whether breastfeeding and other aspects of the infant diet may modify the impact of diarrhoea on infant relative weight. variable based on whether the infant was breastfed on the previous day, and thus corresponded with the timing of the 24-h dietary recall.
Diarrhoeal disease
Mothers reported whether the infant had shown symptoms of diarrhoea (yes/no) in the previous 7 days.
Primary exposure
Combinations of current breastfeeding status and diarrhoea status were coded using binary indicators, resulting in a four-level primary exposure of (1) no breastfeeding and with no diarrhoea, (2) breastfeeding and with no diarrhoea (referent), (3) no breastfeeding and with diarrhoea and (4) breastfeeding and with diarrhoea. Each exposure pattern was mutually exclusive for any given survey, but infants could change exposure patterns over time. These four exposures were then allowed to statistically interact with a six-level categorical survey variable that corresponded to months 2 to 12 at bimonthly intervals. This survey interaction was included to capture age-related changes in the impact of breastfeeding and morbidity on nutritional status.
Additional covariates
Two feeding variables were described to provide better context for the relationships of interest, but they were not included in the regression analyses because they presumably lie on the pathway between breastfeeding-morbidity pattern and infant size. For each survey, mothers were asked whether their infant's appetite in the last week was typical or reduced. This appetite score was on a scale of 1 to 5 (5 represented normal appetite and 1 represented significantly reduced appetite). We also examined changes in feeding patterns during bouts of diarrhoea: mothers were asked whether they fed the infant special foods, or withheld certain foods, or whether they (the breastfeeding mothers) consumed special foods to aid infant's health.
Statistical analyses
A fixed-effects longitudinal regression model with a robust variance estimator was used to quantify the association between breastfeeding and morbidity exposure patterns with infant nutritional status throughout the 2-12-month period. A fixed-effects model was chosen instead of a random-effects model because a Hausman test showed that the assumption of independence in the individual errors in our sample was violated (StataCorp 2013) . The effect of timeinvariant variables such as maternal age, height, education, SES and other potential confounders on infant size is assumed to be constant in a fixed-effects model so beta coefficients for those variables were not estimated; thus this regression model estimated the population mean of the within-child effect of time-varying covariates.
Post-estimation tests
Coefficients from the longitudinal regression models were used to estimate WLZ, WAZ and LAZ for infants with different breastfeeding-diarrhoea patterns. The mean energy intake for a given sex, survey and breastfeeding status was used in these calculations. Graphs were created using Microsoft Excel.
Post-estimation Wald tests were conducted to calculate whether relative weights varied by breastfeeding and diarrhoea patterns (StataCorp 2013). The null hypothesis for these tests was that the relative weights were equivalent. Pursuant to our main hypotheses, we estimated the average diarrhoea-related deficits in nonbreastfed (WLZ non-breastfed + no diarrhoea À WLZ non-breastfed + diarrhoea) and breastfed (WLZ breastfed + no diarrhoea À WLZ breastfed + diarrhoea) infants, with the null hypothesis that these deficits were non-significant or equivalent to 0. We expected that diarrhoea would reduce relative weight regardless of breastfeeding status, and so expected positive values from these calculations. We then tested whether diarrhoea-related deficits in WLZ were modified by breastfeeding status by constructing an interaction contrast of the estimated and expected relative weights of non-breastfed infants with diarrhoea. This interaction contrast tested the null hypothesis that (WLZ deficits estimated) À [WLZ deficits expected] = 0; or (WLZ non-breastfed + diarrhoea À WLZ breastfed + no diarrhoea) À [(WLZ breastfed + diarrhoea À WLZ breastfed + no diarrhoea) + (WLZ non-breastfed + no diarrhoea À WLZ breastfed + no diarrhoea)] = 0. We hypothesized that the interaction contrast would be positive, i.e. the average diarrhoea deficits in WLZ would be greater if infants were not breastfed. Finally, a third set of Wald tests were conducted to see whether the average WLZ was different when infants were breastfed and had diarrhoea, compared with when they were non-breastfed and diarrhoea-free i.e. whether WLZ breastfed + diarrhoea À WLZ non-breastfed + no diarrhoea = 0. We expected that despite diarrhoea, breastfeeding would result in superior WLZ and so these calculated values would be positive. All statistical analyses were executed using Stata 14. A P value of less than 0.05 was considered statistically significant.
Results

Study population
Nearly one-quarter of the study participants dwelled in a rural neighbourhood (Table 1) . Mothers were an average of 27 years old when they gave birth, with an average of 8 years of formal education. The sample was 22% first-born and 53% male. Infants were small at birth, with mean standardized birth length of À0.70 and mean standardized birth weight of À0.25. Infants were relatively small in the first 12 months (Table 2) . Mean WAZ was À0.70 at birth, and this decreased to À1.47 by 12 months. Similarly, mean LAZ decreased from À0.25 at birth to À1.74 by 12 months. Mean WLZ ranged from À0.12 to À0.79. Measured anthropometry was available for 3048 infants at baseline, but because of attrition, only 2581 infants were measured at 12 months. Table 3 shows bimonthly estimates of 7-day diarrhoea prevalence in infants by breastfeeding status. Diarrhoea prevalence was markedly lower in breastfed infants, relative to their non-breastfed peers in the first 6 months. For example, at 2-months, diarrhoea prevalence in non-breastfed infants (15%) was 10% higher than the prevalence observed in breastfed infants (5%). However, after age 6+ months, there was only a 1-2% difference in diarrhoea prevalence of these two breastfeeding strata. The prevalence of exclusive breastfeeding at months 2, 4 and 6 were 50%, 39% and 8%, respectively (data not shown).
Diarrhoea prevalence
Changes in maternal feeding and infant appetite in response to diarrhoeal disease Mothers reported feeding special foods (12-20%) or withholding certain foods (7-38%) when their infants had diarrhoea (Table 4) . 'Special' foods included milk, soups, porridges and fruits. Withheld foods included milks and other complementary foods. Some breastfeeding mothers also reported modifying their diets when infants had diarrhoea. The t-tests showed that at any given survey, infants with diarrhoea had a lower mean appetite score than those without diarrhoea. 
Results of the longitudinal regression
The longitudinal regression analyses revealed many associations of age, breastfeeding and diarrhoea with infant size. Estimated beta coefficients for relative weight as well as infant LAZ and WAZ are presented in Table 5 . The coefficients from these regression analyses were plotted to estimate WLZ, WAZ and LAZ by breastfeeding & diarrhoea status from 2 to 12 months (Fig. 1) . The curves show that regardless of diarrhoea prevalence, breastfed infants had greater relative weight, weight-for-age and length-for-age relative to their non-breastfed counterparts, particularly in the first 6 months of life. Although relative weight was the primary outcome under study, we included weight-for-age (Fig. 1, Panel B ) and lengthfor-age analyses (Fig. 1 , Panel C) to further explain whether any differences in relative weight were likely due differences in infant length or weight. As shown in Fig. 1B , the breastfeeding-and diarrhoearelated differences in growth curves for relative weight strongly resemble weight-for-age curves and are only modestly similar to those for infant length (Fig. 1C) .
Results of post-estimation tests
The Wald tests supported our hypothesis that diarrhoea would reduce the relative weights of infants, regardless of breastfeeding status (Fig. 2) . Intriguingly, diarrhoearelated differences in WLZ were not statistically significant before 6 months but differences were marked in infants 6-12 months. For example, we found that when Difference in mean appetite scores between those with and without diarrhoea; t-tests showed that all these differences were statistically significant (P < 0.05). † % of infants allowed to crawl on floor. ‡ % of infants with diarrhoea who received special foods or whose breastfeeding moms consumed special foods with the aim of improving infants' health. ¶ Appetite score ranges from 1 to 5, with 1 indicating severely reduced appetites. Interaction contrasts were conducted to see whether breastfeeding status modified the effect of diarrhoea on WLZ. As hypothesized, contrasts for girls were positive from months 2-8, indicating that lack of breastfeeding exacerbated the effect of diarrhoea on relative weight. However, only one interaction contrast was statistically significant: at 8 months, girls' interaction contrast was 0.20SD (0.00, 0.41) P < 0.05. The 6-month contrast also approached statistical significance: 0.22SD (0.00, 0.45), P < 0.10.
We also compared the relative weights of infants when they were breastfed and had diarrhoea to when they were not breastfed and diarrhoea-free; the advantages of breastfeeding were quite apparent in the younger months. For example, breastfed girls with diarrhoea were 0.39SD (0.04, 0.75) and 0.28SD (0.06, 0.51) heavier at 2 and 4 months, respectively. This advantage was reversed over time. For example, beta estimates for boys showed that being breastfed with diarrhoea was associated with lower relative weight than being nonbreastfed and diarrhoea-free: À0.31SD (À0.48, À0.15) and À0.30SD (À0.46, À0.14) at 10 and 12 months, respectively.
Discussion
We estimated the impact of diarrhoea on nutritional status and growth in breastfed and non-breastfed infants. In this large cohort of Filipino infants, we found that diarrhoea was associated with reduced appetites in infants, altered maternal feeding patterns and there were diarrhoea-related deficits in relative weight. These deficits were sometimes significantly exacerbated in non-breastfed infants. We also found that prior to 6 months, the joint exposure of being breastfed and having diarrhoea was associated with higher relative weight compared to being non-breastfed and diarrhoea free. Although previous studies have estimated the individual impact of breastfeeding or diarrhoea on infant nutritional status, ours is the first to explore the combined roles of these two antagonistic exposures on infant growth in such a large cohort of infants.
Consistent with the literature, this study showed breastfeeding-related benefits, especially in infants <6, and diarrhoea-related deficits, especially in infants 6-12 months. In younger infants, the high prevalence of exclusive breastfeeding, lower consumption of potentially harmful complementary foods and less physical interaction with the household environment (because of lower prevalence of crawling/walking) all likely contributed to reduced prevalence and severity of diarrhoea. Breastfeeding may improve infant size via two pathways: directly, via its provision of key nutrients and energy required to sustain infant growth, and indirectly, by mitigating risk and impact of diarrhoea. A large ecological study estimated that just 3 months of exclusive breastfeeding may reduce diarrhoearelated mortality by half (Betrán et al. 2001) . Thus it Fig. 1 Relative weight, length-for-age and weight-for-age and 95% CI in male and female infants 2 to 12 months old. Graphs show predicted standardized weight for length (WLZ, A), weight (WAZ, B) and height (LAZ, C) in boys (1) and girls (2) with 95% confidence intervals.
was not surprising that our findings confirmed that breastfed infants with diarrhoea still had superior weights when compared with non-breastfed infants.
Interestingly, we found that diarrhoea-related deficits in relative weight were statistically significant only after 6 months. This was surprising because we expected larger deficits in presumably more vulnerable first 6 months. A cohort study of 400 Brazilian infants from Pelotas showed higher daily weight loss in younger infants with diarrhoea: at 2 months, breastfed infants lost 24 g/day but at 6 months they lost 9 g/day (Martines et al. 1994) . Our findings are still reasonable given the developmental and dietary changes that occur in infants of~6 months. First, upwards of 40% of these infants were crawling at 6 months and this might have increased environmental exposure to pathogens that can cause diarrhoea. Second, these older infants consumed higher quantities of complementary foods and this increased opportunities for pathogen exposure. One review found that diarrhoea-related mortality was more than doubled in the absence of breastfeeding throughout the weaning period (Lamberti et al. 2011) . A previous study in this Cebu cohort showed how risk of diarrhoea is doubled or tripled once complementary foods are included in the infant diet (Popkin et al. 1990) . At the same time, these infants also reduced breastmilk intake, thus losing the immunological benefits it provides. Taken together, these changes may have increased both risk and severity of diarrhoea and thus explain the significant deficits in relative weight.
The diarrhoea-related deficits presented here also fit well within the larger body of evidence that the duration (Assis et al. 2005; Weisz et al. 2011) , prevalence and cumulative history of diarrhoea (Checkley et al. 2003; Checkley et al. 2008) are inversely related to nutritional status. There are physiological and behavioural reasons for the reduced WLZ seen in infants with diarrhoea. Besides causing accelerated transit of digested material through the gut and increased metabolism of absorbed nutrients, diarrhoea also increases the permeability of the gut mucosa (Lunn et al. 1991) , causing injury that is associated with poor nutritional status (Campbell et al. 2002) . In addition to these biological impacts, studies show that diarrhoea can also induce anorexia and reduce energy intake of infants Fig. 2 Differences in relative weight between key subgroups of male and female infants. Graph shows the diarrhoea-related differences in relative weight for breastfed and non-breastfed infants, as well as the differences in predicted relative weight for sick, breastfed and healthy, non-breastfed infants with 95% confidence intervals. *P < 0.05, + P < 0.10. thus further reducing growth (Martorell et al. 1980; Bentley 1988; Bentley et al. 1991) . Evidence of this behavioural impact was revealed in this present study, as mothers reported altered feeding patterns and significant reduction in appetites of their infants who had diarrhoea.
Concordant with the evidence of the benefits of breastfeeding and the detriments of diarrhoea, we found that diarrhoea-related deficits were exacerbated in non-breastfed infants. Indeed, the afore-mentioned Pelotas cohort study highlighted these important modifications by breastfeeding status. Martines et al. found that at 2 months, non-breastfed infants lost more weight (58 g/day) during diarrhoea episodes than their partially-breastfed peers (39 g/day), who also lost more than their predominantly breastfed counterparts (24 g/ day) (Martines et al. 1994) . Martines et al. also demonstrated the importance of household sanitation: they found that the presence of indoor tap water was associated with reduced length of diarrhoea in the nonbreastfed infant. Although the antagonistic effect of breastfeeding was only statistically significant in some of the contrasts conducted, the weight of the evidence supports prolonged breastfeeding for health promotion throughout the weaning period.
Specifying a model that accurately teases apart the cyclic, interactive roles that nutrition and diarrhoea play is a complex task. Lutter et al. beautifully illustrated how energy intake may modify the impact of diarrhoea on nutritional status: in their proposed model, energy intake promotes nutritional status while the severity of diarrhoea worsens nutritional status; however, at the highest energy intakes, the impact of diarrhoea on nutritional status is nil, even in the most severe cases (Lutter et al. 1992) . With this in mind, there are limitations to our models that might explain why the evidence for the mitigating effects of breastfeeding on diarrhoea-related deficits were not significant in more contrasts.
First, it may be that any-vs.-none breastfeeding does not adequately quantify the amount of breast milk being received in these later stages, and that any modification by breastfeeding only becomes more evident for those receiving the highest quantities of energy from breast milk. Second, modification by breast milk may be strongest in infants with the most severe cases of diarrhoea. Neither breast milk energy nor diarrhoea severity was available to be analysed in this study. Third, our calculations used mean energy intake from complementary foods that were based on survey, breastfeeding status and sex. It is possible that energy intake assigned to babies with diarrhoea was much larger than what was actually consumed. However, we were more interested in the non-energy mediated effect of diarrhoea on growth, and so this approach was appropriate. Thus, the null findings from these analyses may be conservative underestimates of the true impact of diarrhoea on WFL and any modification by breastfeeding.
Fourthly, a single 24-h recall from the previous day was used to represent dietary intake in the bimonthly interval. However, it is unclear to what extent the dietary recalls captured diarrhoea-induced anorexia. Given the importance of energy intake in mitigating diarrhoea consequences and the occurrence of anorexia in infants with diarrhoea, dietary intake clearly mediates the association of diarrhoea with WLZ. Alternatively, dietary intake may also be viewed as a confounder, because weaning foods may expose infants to pathogens that promote diarrhoea (exposure) but is also necessary for proper nutritional status (outcome). In light of these two important but conflicting arguments, we opted for a compromise that saw the sole inclusion of a main-effects term for energy intake. Where detail is available, a more comprehensive exploration of this topic requires (1) clearer estimation of quantity of breast milk consumed, (2) the quantity and types of foods consumed before, during and after diarrhoea episodes, and (3) the severity of diarrhoea. Such information would further elucidate how the weaning diet, as well as breastfeeding, may modify the diarrhoea -nutritional status relationship.
Finally, these data were collected three decades ago and diarrhoea prevalence has changed since then. Although we found no recent studies on infant diarrhoea prevalence in the Cebu population, prevalence estimates from the Philippines Demographic Health Surveys show that between 1993 (Philippines. National Statistics Office 1994) and 2013 (Bersales 2014) , the prevalence of diarrhoea has declined from 9.3 to 2.6% for infants <6 months, with more modest declines for 6-to 12-month-old infants (17.0% to 14.6%). Although these figures indicate significant improvement in diarrhoea prevalence in recent decades, the WHO Global Health Observatory reported that in 2012, diarrhoea was still responsible for 7% of deaths in Filipino children under 5 (Mitchell 2014) . Our findings are therefore still relevant in the Filipino context, where diarrhoea is still a major public health burden, and more globally, because diarrhoea still accounts for 8% of deaths in children under five each year worldwide (UNICEF & WHO 2009 , UNICEF et al. 2015 . Nevertheless, it is clearly policy-relevant for future studies to test for significant interaction between breastfeeding status and diarrhoea on infant nutritional status in more recent cohorts.
Despite the described limitations of the study, the use of fixed-effects longitudinal regression models to exploit the longitudinal richness of 12 months of data makes this manuscript a significant contribution to the literature on diarrhoea and infant health. Furthermore, although others have examined the effect of breastfeeding or morbidity on infant size, ours is truly unique in its exploration of the interactive effects of these two important contributors to infant growth in the first 12 months of life. In addition to the statistical approach and longitudinal design of this study, we presented the effects of these breastfeeding-morbidity patterns on three different measures of nutritional status.
